ABSTRACT
Introduction
Hypoglycaemia is an extremely common complication of the treatment of diabetes. In addition to the typical symptoms and complications, it can also lead to disorders that are rarely taken into account. These include pulmonary oedema, stress cardiomyopathy and cardiac arrhythmias, particularly bradycardia and ventricular arrhythmias possibly associated with QT prolongation.
Pulmonary oedema
In the 1930s and 1950s pulmonary oedema was described as a severe and dangerous complication of insulin shock therapy that has been used in people with schizophrenia [1, 2] . In one of the observations of this period, pulmonary oedema occurred in 3 out of 26 patients, i.e. in 11.5% of patients [1] . Analysis of the deaths of patients treated with insulin shocks showed that pulmonary oedema was the second leading cause of death, after irreversible coma. Complications were reported in 7 out of 44 cases of death (i.e. in 15.9%), with the majority of patients being young [2] .
Currently, pulmonary oedema is a completely forgotten complication of severe hypoglycaemia and it appears that it is not considered as a result of glucose--lowering treatment in diabetic patients. In the available literature, single cases of pulmonary oedema in patients with drug-induced hypoglycaemia can be found. One of the first descriptions concerned 40-year-old insulin-treated patient and 42-year-old insulin-treated patient being alcohol abused [3, 4] . Other reports described patients with type 1 diabetes -a 19-year-old woman with severe insulin-induced hypoglycaemia, a 16-year-old girl with hypoglycaemic coma who probably intentionally overdosed insulin in order to commit suicide and a 23-year-old men with a loss of consciousness after insulin injection [5] [6] [7] . In all these patients, clinical and radiological features of pulmonary oedema appeared during in-hospital follow-up, despite good glycaemic control. Because the patients were young, without cardiovascular burden, the authors suggested a neurogenic background of pulmonary oedema and attributed it to an excessive amount of catecholamines released during hypoglycaemia. None of the described patients underwent cardiac imaging. Rapid hypoglycaemia-induced release of catecholamines would lead to narrowing of the pulmonary vessels, platelet aggregation, formation of microemboli in the pulmonary circulation and, consequently, to sudden increase in pulmonary vascular pressure and pulmonary oedema [8] . Hyperinsulinaemia and hypoglycaemia are thought to be directly involved in the formation of transudates by increasing vascular permeability [9, 10] .
Neurogenic pulmonary oedema was also suggested in a 49-year-old patient with unknown disease history, alcohol abuse and traumatic brain injury without significant new changes in cerebral computer tomography [11] . Initially, a typical neurogenic oedema associated with head injury was suspected. However, iatrogenic hypoglycaemia of 19 mg/dL was observed at the time pulmonary oedema occurred. It was caused by shortacting insulin administered subcutaneously because of previous hyperglycaemia (388 mg/dL) of unclear aetiology. In the ECG, negative T waves appeared in the precordial leads and were observed for several consecutive days. Cardiac ultrasound showed a reduced ejection fraction (55%) without structural changes in the heart.
A case report published in 2013 shed slightly different light on the potential cause of pulmonary oedema in patients with hypoglycaemia [12] . Severe hypoglycaemia (18 mg/dL) and unconsciousness occurred in a 78-year-old man with type 2 diabetes after taking unidentified hypoglycaemic drugs. Despite resolution of hypoglycaemia, the patient developed pulmonary oedema and ECG changes in a form of ST segment elevation appeared in V2-V3 leads, which were suggestive of ST segment elevation myocardial infarction (STEMI). Urgent coronary angiography did not show coronary artery occlusion. Ultrasound examination and ventriculography showed changes characteristic of stress cardiomyopathy.
Stress cardiomyopathy (broken-heart syndrome, takotsubo cardiomyopathy)
Hypoglycaemia may lead to left ventricular dysfunction involving mainly the apical region, as is the case of stress cardiomyopathy which is caused by severe emotional stress despite the absence of atherosclerotic lesions in coronary arteries. Myocardial dysfunction in the apical region is usually accompanied by hypercontraction of the basal segment. Because of the left ventricle's appearance in ventriculography, the syndrome described for the first time by Satoh et al. [13] has been termed apical ballooning syndrome or takotsubo syndrome (takotsubo is a fishing pot used for trapping octopuses in Japan) [13] . Clinical manifestation may include syncope, cardiogenic shock, pulmonary oedema, retrosternal pain, and palpitations. The most frequent electrographic features are ST elevation, T-wave reversal, and abnormal Q-wave, that is changes suggestive of acute myocardial infarction. These changes may be accompanied by short-term and slight increase in troponin and CK-MB levels. There are no lesions in coronary arteries in coronary angiography. Clinical improvement is rapid. It is believed that these symptoms are caused by an excess of catecholamines that lead to "stunning" of the myocardium or multivessel coronary spasm. This syndrome is mainly seen in postmenopausal women and is triggered by severe emotional stress.
There are several reports on hypoglycaemia--induced takotsubo syndrome available in the literature. One of them was a 69-year-old non-diabetic woman admitted to hospital due to loss of consciousness caused by hypoglycaemia (32 mg/dL at admission) of unknown cause in whom tachycardia, gallop rhythm, and pulmonary haemostasis were observed [14] . The ejection fraction in cardiac ultrasound examination was 16%; ventriculography showed ballooning of the apex, which is typical for the takotsubo syndrome; coronary angiography showed non-obstructive fundings. Significant improvement was observed after a few days (ejection fraction increased to 45%). Hypoglycaemia--induced takotsubo cardiomyopathy was also described in a 17-year-old woman with anorexia nervosa [15] . The patient became unconscious due to hypoglycaemia (20 mg/dL). After recovery from hypoglycaemia, the patient did not report any complaints. One day later, despite the absence of clinical symptoms, ECG showed tachycardia and negative T waves in leads II, III, aVF, V3--V6. Moreover increased levels of CK and CK-MB were observed and cardiac ultrasound image was typical for apical ballooning syndrome, with ejection fraction of 56%. Impaired uptake was observed in the apical region on cardiac scintigraphy. Cardiac ultrasound image became normal after 10 days, while ECG changes were maintained for 4 months. In two other young women with anorexia nervosa (25 and 32 years old), described in the same paper, T-wave and ST-segment changes suggestive of myocardial ischaemia with a slight increase in CK-MB were found after episodes of hypoglycaemia. No abnormalities were found in the ultrasound and myocardial scintigraphy, but the imaging studies were performed after a long time following the hypoglycaemic episode (in one patient after 4 and 9 days, and after one month in the other). The authors suggest two possibilities: these patients had atypical takotsubo syndrome, or changes characteristic of this syndrome were lacking because ultrasound examinations were performed to late [15] .
Only one report on the presence of takotsubo syndrome in diabetic patient with hypoglycaemia is available in the literature [12] . This is above-mentioned case of 78-year-old man with type 2 diabetes, pulmonary oedema, ECG features typical of STEMI and normal coronary arteries in echocardiography. Left ventricular scans in echocardiography and ventriculography were characteristic of the apical ballooning syndrome. Echocardiographic examination performed a few days later showed improved performance of the left ventricle and the ejection fraction was 77%. In the case described above, the left ventricular dysfunction characteristic of the takotsubo syndrome led to pulmonary oedema.
It cannot be ruled out that hypoglycaemia-induced pulmonary oedema may be caused by this mechanism. It can also be assumed that some cases of painless myocardial infarction observed in patients with hypoglycaemia, which are diagnosed based on ECG changes and increased cardiac enzyme levels, but not confirmed in coronary angiography, may be takotsubo syndrome [16] .
Cardiac arrhythmias
Technological progress in continuous glucose monitoring (CGM) and ambulatory ECG registration (Holter) has allowed for identification of many hypoglycaemiainduced cardiac arrhythmias, even in patients without any clinical symptoms of hypoglycaemia [17] [18] [19] [20] .
In a recently published study on young patients with type 1 diabetes, CGM revealed that 6.6% of the recording time was designated as hypoglycaemia, with median duration of nocturnal hypoglycaemia of about 60 minutes and median duration of daytime hypoglycaemia of about 44 minutes [17] . Only 24% of nocturnal and 51% of daytime hypoglycaemia episodes were symptomatic. Bradycardia was the most common cardiac arrhythmia. Nocturnal hypoglycaemia increased the risk of bradycardia by more than 6 times, while no risk change was observed at daytime. Other ECG changes included prolongation of QT interval and T wave flattening. Other authors also reported QT prolongation and bradycardia during hypoglycaemia [18] . Night-time hypoglycaemia in patients with type 1 diabetes aged 20-50 years of age was associated with significant QT interval prolongation, bradycardia < 40/ /min, and ventricular arrhythmias. It should be noted that hypoglycaemia was frequent in this group of patients and accounted for about 26% of all records, with the glucose level in most cases less than 40 mg/dL (2.2 mmol/L) [18] . As the prolongation of QT interval may induce torsade de pointes, the authors suggest a direct relationship between observed cardiac arrhythmias and "dead in bed" syndrome.
Hypoglycaemia-induced heart rhythm disorders are considered to be the result of a considerable catecholamine hypersecretion, which directly and indirectly affects the repolarization processes by lowering the concentration of potassium ions in the extracellular fluid [19] . It appears that in patients with type 1 diabetes, the presence of autonomic neuropathy is not related to QT prolongation in hypoglycaemia. This phenomenon occurs both in patients with and without autonomic neuropathy [19] . Hypoglycaemia-induced prolongation of QT interval may be observed also in non-diabetic patients [20] . The phenomenon was accompanied by more than 10-fold increase in catecholamine levels and transient hypokalaemia.
Disorders including QT prolongation and ventricular arrhythmias related to hypoglycaemia were also reported in patients with type 2 diabetes [21, 22] . This problem affects not only patients treated with insulin but also those receiving sulfonylureas [22, 23] . Hypoglycaemia-induced heart rhythm disorders are particularly dangerous in patients with cardiovascular diseases in whom catecholamine hypersecretion may increase oxygen requirement and the exacerbation of ischaemia. Ventricular arrhythmias in patients with type 2 diabetes and cardiovascular disease may be above 30 times more frequent than in patients without hypoglycaemia [22] . It is extremely important that in the cited study only 39% of patients noted hypoglycaemic symptoms during the day, and even fewer -11% -reported nocturnal hypoglycaemia. Another study in patients with type 2 diabetes and concomitant cardiovascular disease showed that night-time hypoglycaemia increased the risk of bradycardia by more than 8 times, with a 3-fold increase in ventricular arrhythmias, and almost 4-fold increase in supraventricular arrhythmias [24] . During the day, hypoglycaemia increased the risk of ventricular arrhythmia by about 1/3, but bradycardia or increased frequency of supraventricular arrhythmias were not observed. The special effect of nocturnal hypoglycaemia is explained by increased parasympathetic tone and lower activity of sympathetic system compared to daytime hours [25] .
Summary
The above-mentioned complications of hypoglycaemia may be life-threatening and lead to sudden death in many diabetic patients even in young age. However, these complications are rarely taken into account and may be misdiagnosed or overlooked.
